HDZ0IV-HN=ED>

<JVOHAP>ITOW>r

AL-TR-1993-0054 AD-A270 652

AT

A MULTIVARIATE ANTHROPOMETRIC METHOD
FOR CREW STATION DESIGN (V)

Richard S. MeindI
Jeffrey A. Hudson

DEPARTMENT OF ANTHROPOLOGY AND
SCHOOL OF BIOMEDICAL SCIENCES
KENT STATE UNIVERSITY
KENT, OHIO

Gregory F. Zehner
CREW SYSTEMS DIRECTORATE

HUMAN ENGINEERING DIVISION
WRIGHT-PATTERSON AFB OH 45433-7022

FINAL REPORT FOR PERIOD JANUARY 1989-JANUARY 1993

DTIC

MARCH 1993 gt LECTE

93-2%(71

H

o N A
e o " o'

AIR FORCE MATERIEL COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433




NOTICES

When US Government drawings, specifications, or other data are used for any purpose other than
a definitely related Government procurement operation, the Government thereby incurs no
responsibility nor any obligation whatsoever, and the fact that the Government may have
formulated. furnished. or in any way supplied the said drawings, specifications, or other data, is
not to be regarded by implication or otherwise, as in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission to manufacture, use, or sell any
patented invention that may in any way be related thereto.

Please do not request copies of this report from the Armstrong Laboratory. Additional copies may
be purchased from:

National Technical Information Service
5285 Port Roval Road
Springfield. Virginia 22161

Federal Government agencies and their contractors registered with the Defense Technical
Information Center should direct requests for copies of this report to:

Defense Technical Information Center
Cameron Station
Alexandria. Virginia 22314

TECHNICAL REVIEW AND APPROVAL
AlL-TR-19453-0054

This report has been reviewed by the Office of Public Affairs (PA) and is releasable to the National
Technical Information Service (NTIS). At NTIS, it will be available to the general public,
including toreign nations.

This technical report has been reviewed and 15 approved for publication.

FOR THE COMMANDER

/
s S
‘.*///.lt«é/f;/A //’/; . 7

KENNETH R. BOFF, Chief
Human Engineening Division

-

Armstrong Laboratory




fForm Approved

! REPORT DOCUMENTATION PAGE OMB No. 0704 0188

- R A LA WD IRSOC PR e LGN TRE T ME TOf TELeWIn 3ASTILT T Y et Ree J e ste 3 datd s0uroes
H T4 Al g Tpetng g LAt Tt imgan and I MMents regarding thog DLIZen SyTmate gy LTRer gspect of thiy
i . R 5 o B R LT IR TE N AQQLITTery Ser L@y rectarate far nt amation JDPrAT ey ang Heporty 1715 jetfersun
B R R M P LN NIC and e e S ggemert nd Hud et Paperadrk Redu en Prope TG I04-0 Y HB) Aasn o ngto o 10 20504
.1 AGENCY USE ONLY (Leave biank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
! MARCH 1993 Final Report Jan 1989 Jan 1993
{4 TITLE AND SUBTITLE 5. FUNDING NUMBERS
{
A Multivariate Anthropometric Method F 33615-85-C~-0541
For Crew Station Design: Abridged PE 62202 F
*6. AUTHOR(S PR 7184
Gregory F. Zehner TA 08
Richard s. rleindl WU DI
Jeffery A. Hudson
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
Armstrong Laboratory, Crew Systems Directorate
HSC, AFMC Wright-Patterson AFB OH 45433-7022
Kent State Univ. Kent, Ohio 44242

9. SPONSORING  MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING - MONITORING
AGENCY REPORT NUMBER

Armstrong Laboratory, Crew Systems Directorate AL-TR-1993-0054
HSC, AFMC
wright-Patterson AFB OH 45433-7022

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited

Ll] ABSTRACT (Maximum 200 words)
Body size accommodation in USAF cockpits is still a significant problem
despite all the years of experience and the many aircraft designs that have been
édeveloped. Adequate reach to controls, body clearances (particularly during
lescape), and vislon (internal and external), are all functions of pilot body size
itand positicn in the cockpit.
One of the roots of this problem is the way cockpit accommodation is
syecified and tested. For many years the percentile pilot has been used. This
sfer descrikes the errors inherent in the "percentile man" approach, and presents
s variate aiternative for describing the body size variability existing in a
Ly1ng population. A number of body size "representative cases" are
ted which, when used properly in specifying, designing, and testing new
t, should ensure the desired level of accommodation.
he apprcach can be adapted to provide anthropometric descriptions of body
'size variability for a great many ‘esigns or for computer models of the human body
jby altering the measurements of interest and/or selecting different data sets
fdescribing the anthropometry of a user population.

;18 SUBJECT TERMS 15. NUMBER OF PAGES
; 40
Anthropometry Crew Station Design 16. PRICE CODE
Ergonomics Size
U497 SECURITY CLASSIFICATION ] 18 SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION [ 20. LIMITATION OF ABSTRACT
1 OF REPORT OF THIS PAGE Of ABSTRACT
1 Unclassified Unclassified Unclassified Unlimited
NSN 7540 0° 280 5500 Standard Form 298 (Rev 2 89)

-i »"n\mr}wd by ANS a9 W

2R )



THIS PAGE LEFT BLANK INTENTIONALLY.

ii




PREFACE

The authors would like to thank staff members at Anthropology Research Project, Inc.
(ARP) for help in data preparation and analysis. Kathleen M. Robinette of AL/CFHD
provided helptul criticism of this report in its earlier drafts.

Thanks go also to Ilse Tebbetts and Jennifer Schinhofen of ARP for editing this report

and producing the final camera-ready copy.

v mSPECTED 2
pric QUALTY Lok =t

decession Por .
& ¥TIS GRARI |

DTIC TiB 0O

Unaanounced n)

Justification

By._

ri“‘," ritutien/ _

Avn)lub?{ifyreod?ﬂ
jAvatil and/or
D“W ] Speqlal

ML)




TABLE OF CONTENTS

Page
LISTOFFIGURES . .. ... . i v
LISTOF TABLES ... ... i v
SUMMARY . . vii
INTRODUCTION . .. e e e e 1
THE MULTIVARIATE DESCRIPTION OF AN ANTHROPOMETRIC SAMPLE:
METHODS . .. 1
ANALYSIS OF A TWO-COMPONENT MODEL ...................... 6
Deleting One Variable . ...... ... ... ... .. ... .. . 9
A THREE-COMPONENT MODEL: A COMBIMAN APPLICATION ...... 13
THE PROBLEM OF MULTIPLE POPULATIONS . .................... 16
CONCLUSION ... 25
REFERENCES .. ... . . 33



Figure

LIST OF FIGURES

Principal Components Analysis: 95% Accommodation .............

Principal Components Analysis: 98% Accommodation . ............

Three-Dimensional Principal Components Solution . ..............

Joint Distribution of Sitting Height and Stature, 1968 Air Force White

Females, Truncated . . ...............

Joint Distribution of Sitting Height and Stature, 1965 Air Force

Black Males, Truncated . .............

......................

Joint Distribution of Principal Components One and Two,
Accommodation Analysis, Composite Population, 90% and 99.5%

Ellipses . .. ... ... o i

LIST OF TABLES

Six Anthropometric Variables Reduced to Two Principal Components,

1967 Air Force Flying Personnel .......

Accommodation Analysis, 95%, 1967 Air Force Flying Personnel:

Six Variables . . . ...................

Accommodation Analysis, 989, 1967 Air Force Flying Personnel:

Six Variables . . . ...................

Five Anthropometric Variables Reduced to Two Principal Components,

1967 Air Force Flying Personnel ... .. ..

Accommodation Analysis, 95%, 1967 Air Force Flying Personnel:

Five Variables . . .. .................

Accommodation Analysis, 98%, 1967 Air Force Flying Personncl:

Five Variables . . . .. ......... ... . ...

Eleven Anthropometric Variables Reduced to Three Principal
Components, 1967 Air Force Flying Personnel, Model Points at

Surface of 95% Accommodation Ellipsoid

19

21

26

10

11

12

14

15

17

.




Table

10

11

13
14

15

LIST OF TABLES (cont’d)

Eleven Anthropometric Variables Reduced to Three Principal
Components, 1967 Air Force Flying Personnel, Model Points at

Surface of 98% Accommodation Ellipsoid ......................
Principal Components Analysis, Composite Population,

Equally Weighted, 1968 Air Force White Females, 1965 Air Force
Black Males, 1965 Air Force White Males . .....................
Accommodation Analysis, 90%, Composite Population .. ...........
Accommodation Analysis, 95%, Composite Population ... ..........

Accommodation Analysis, Within-Group Percentages,
Composite Population . .......... ... .. .

Two-Component Representative Cases: White Females . ...........
Two-Component Representative Cases: Black Males .. ............

Two-Component Representative Cases: White Males . ............

vi

18

22

23

24

24

27

29

31



SUMMARY

Body size accommodation in USAF cockpits remains a significant problem despite the
years of research and the many aircraft designs that have been developed. Adequate reach to
controls, body clearances (particularly during escape), and vision (internal and external), are all
functions of pilot body size and position in the cockpit.

Among the roots of the problem are the errors and limitations inherent in traditional
approaches (such as percentiles) for specifying and testing cockpit accommodation. This paper
describes a multivariate alternative for describing the body size variability existing in a given
flying population. A number of body size "representative cases" are calculated which, when used
properly in specifying, designing, and testing new aircraft, ensure the desired level of
accommodation.

The approach can be adapted to provide anthropometric descriptions of body size
variability for a great many designs or for computer models of the human body by altering the
measurements of interest and/or selecting different data sets describing the anthropometry of a
user population.

vii
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A MULTIVARIATE ANTHROPOMETRIC METHOD FOR
CREW STATION DESIGN

INTRODUCTION

The recent development of computer models of the human body for describing
dimensional variability of military personnel has advanced beyond current methods to describe
and use available anthropometric data. In fact, anthropometric data are generally used to
estimate only the extremes of univariate (single variable) distributions of a few gross dimensions,
with little provision for individuals with unusual anthropometric proportions (Roebuck et al.,
1975). Since extreme ratios (e.g. long buttock-knee length coupled with short sitting height)
present the most difficult design problems for accommodation in workstations or for protective
equipment, univariate percentile rankings for user populations are inappropriate, except for the
most general description of international anthropometric variability.

Subgroup methods, which identity and select individuals atypical in combinations of two
or more variables, partly address this issue. However, the severe sample truncations used in this
method require initially massive data bases. This is especially true if subgroups are defined by
the outermost regions of joint distributions of more than two variables.

Regression methods predict body proportions that are realistic as well as segment sizes
that are additive (Robinette and McConville, 1981). These approaches require that one or two
"key” dimensions be chosen as independent variables. Yet all human body measures are "free to
vary” in an experimental sense, and therefore serve poorly as regressors. This problem can be
particularly pronounced in those instances in which standard deviations from regression are
large (or bivarniate correlations are low). For example, the statistical assumptions necessary for
the application ot least-squares regression designs are approximated poorly in workstation
dimension studics, owing to moderate intercorrelations (McConville et al., 1978), and not at all
in the analysis of mask tit’seal accommodation, because the correlations among human facial
measurements are extremely low. The typical results of these analyses are extreme values for
the independent variables (regressors), and considerably less extreme values for the dependent
variables (regressands) (those predicted).

THE MULTIVARIATE DESCRIPTION OF AN ANTHROPOMETRIC
SAMPLE: METHODS

Waorkstation accommodation and the fitting of clothing or facial cquipment present two
tundamentaltly ditterent design sequences. Sizing involves diserete categorization, whercas
workstation design demands built-in interval adjustment to accommodate anthropometric
varation. However, cach requires o thorough knowledge of both the variability and the
intercorrclations i fincar dimensions ot user populations. These dimensions include superior-
interior “lengths” (¢ g torso haights or extremity tengths ) medial-lateral "breadths” (e
brdeltond breadth). and dorsal-ventral "depths” (c.g. chest depth).

Individual members of any population of workstation users will manifest considerable
variation in their combinations ot dimensions, quite apart from the variation that occurs along
the simple spectrum connecting the "largest” to the "smallest” operator. For instanee, the
moderate correlation ot functional reach and eye heightisitting indicate that operators at less
than the 35th pereentile tor one variable, and simultancously more than the X0th on the other,




are not uncommon. The importance of the multivariate nature of human morphonietrics is
illustrated through the calculations of proportions of an operator population disaccommodated
when various pairs of variables are considered, in McConville ¢t al., (1978). The mathematical
model of bivariate normality is easily extended to the joint distributions of more than two
variables. The geometric analogy of the equal-probability ellipse has its counterpart in
multivariate space as well.

The higher-dimensioned analogue of the bivariate ellipse is the p-dimensional hyper-
cllipsoid. The "average” individuals in a multivariately measured population, which like all cases
occupy their own unique positions in p-dimensional space (based on their p physical
mecasurements), are encompassed by the smallest hyper-ellipsoids.  Atypically sized and
proportioned individuals are contained only within the largest of these "shells,” Selection of the
“volume™ of the concentric cellipsoids controls the percentage of the population that is included
{fitted), and conversely the proportion excluded (disaccommodated).

Principal components analysis (PCA) describes the multivariate structure of a single
population. [t is a data reduction procedure that can greatly simplify the use of a test sample
for accommodation or sizing/design studies by reducing the number of dimensions of a hyper-
cllipsoid. PCA provides a solution to a specitic kind of eigenproblem. The PCA solution
comprises four elements, which have been used here to provide more efficient body size models:

(1) New lincar combinations of the original p variables provide p
orthogonal (mutually independent) principal components. Each of
these explains ditferent amounts of the original morphometric
variation contained in the measurement space (Dillon and
Goldstein, 1984). It is important to emphasize that this reduced
measurement space is constructed of axes which exhibit no
multicollinearity (i.c., these new axes show no correlation within
the population). For instance, any two components, { and j, say,

PC =t Z +t.Z.+... +t7Z

P

and

PC =2, + 12, +.  +17

LI

in which the (1, F 1) represent Toadings of the standardized
vartables (Z,, Z. o 7y on principal component 1are orthogonal
(1 completely uncorrelated in the population - which the

components were denived)

Same ot the new prncipal COMponents reprosent major axes o
vartation, while some are much loss important . Those primcipal
components which account tor mimmmal varnation are discarded
e nearly all of the onginal varmtion will tdl approssmatcoiy ine
aspace. mo(m < pjoot reduced dimensionahing

() PCA may abso reveal that some ot the sognal sarables ar
needless redundancies The subscquent climimato roon avar bk
can only be justiticd atter s carctad conadora e e e
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multivariate context -- that is, after understanding its simultaneous
relationships with all other variables.

Original measures may cluster into related morphometric classes.
In other words, certain "families” of variables will tend to load
more heavily on various components. These loadings are
instructive to the principal components analyst as well as to the
workstation designer and accommodation evaluator. They indicate
the relationships between measures which represent the real
dimensions of human metric variability.

The principal components solution lends itself well to the
determination of the volume and surtace of the m-dimensional
shells (m < p) that, with scale adjustment only, will encompass
any given percentage of a multivariate population cfticiently (sec
Figures 1 and 2; also see Bittner et al. (1986) for a useful outline
of this procedure; Dillon and Goldstein (1984) provide a
rationale).

This PCA-based numerical solution requires the following steps:

(M

(2)
3)

(4)

Determination of the appropriate ellipsoidal accommodation
"shell” (i.e. exact 95% or 98%). This ts accomplished best by
iteration. Since the anthropometric data are not exactly
multivariate normal, simple adjustment of the sizes of the major
axes by trial and error is most efticient.

Solving for component scores that yield surface locations.

Conversion of the surface points to standard normal scores
according to the following serics of matrix cquations:

(a,) (U) = (Z)/C

in which the a, constitute the p by m matrix ot Pearson
correlations of original variables with new components. U is one
of the 2™ (m x 1) unit vectors of the form (x1, =1, =1, ...). For
example, in a three-component solution the U represents cach of
the 8 (=2") possible unique combinations of three unit measures
of ditterent signs (1, =1, =1). This is explained in more detail
in the section entitled "A Three-Component Model: A Combiman
Application” on page 13. The (Z,)/C are (p x 1) vectors of
standard normal scores divided by the constant, C, which is the
common component score obtained in (2) above. The value of C
sets the size of the elflipsoid of accommodation.

These standard normal scores (Z), in turn, provide univariate
pereentile rankings (under the assumption of approximate
normality) tfor cach measure at cach of the surface locations. This
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procedure may be repeated for any other accommodation "shell" simply by
varying C.

%) Actual raw scores are then taken from the finite distributions of
the population. These are calculated for the 95% accommodation
ellipsoid, for the 98% ellipsoid, or for any other accommodation
percentage required.

The test points on each of the concentric ellipsoids represent extreme individuals. Any
accommodation "surface" contains special extreme cases which are situated symmetrically from
the median operator (i.c., that "average” individual who may be best characterized as the
arithmetic mean of all the variables). For instance, in a three-component example, the extreme
individuals are positioned exactly at the midsurfaces of each of the eight octants of each
accommodation ellipsoid (see Figure 3). Therefore, the design of any workstation, which is
compatible with these extreme individuals should also accommodate all of the individuals who are
closer to the multivariate mean. Computer models of Air Force personnel (e.g. Combiman or
Crew Chicf) can utilize these multivariate locations to test the limits of accommodation with
more efficiency.

Models of anthropometric variability for aircraft cockpit dimensions were developed
through principal components analyses designed to characterize the Air Force tlying population.
Various combinations of the linear dimensions were examined and user populations of different
compositions were utilized. The ultimate selection of variable sets followed the consideration of
several important criteria: (1) the direct relevance of the body dimension to the principal
user/equipment interfaces; (2) the degree of variability in the measure; and (3) the amount of
independent information contained in the variables (i.e. those with moderate to low covariance
with other variables). Two types of rigid (orthogonal) principal components solutions
(unrotated and varimax) following the initial generation of eigenvectors were explored.

ANALYSIS OF A TWO-COMPONENT MODEL

Bittner concluded in his analysis of the anthropometric compatibility for the Advanced
Harrier (AV-16A) that leg and arm reach elements as well as head clearance were by far the
most critical dimensions (Bittner, 1975). Therefore, any analysis which includes other metrics
may obscure or confound these aspects of workstation design. For this reason we provide a
simple description of the population of U.S. Air Force flying personnel (USAF67) to emphasize
only superior-inferior linear dimensions.

The variable "functional reach” (thumb-tip reach, not extended) is used as the sole
measure of the forelimb dimensicn, a measurement critical to cockpit design (the actual position
of the elbow in this extension is of little importance). The actual position of the knee, as well as
the individual thigh and shank lengths, are crucial, however, and in the following analysis both
elements of the leg are retained (buttock-knee tength and knee height/sitting). Trunk height is
measured three different ways, from the seat pan to one of three superior levels: shoulder
(acromion height sitting), ey level (eye height/sitting), and total axial frame (sitting height).
The intercorrelation matrix of these six variables for USAF67 is given in Table 1.

It is not surprising that the principal components analysis of this correlation matrix
reveals only two major components (p=6, m=2): These two (Table 1) account for 85% of the
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TABLE 1

Six Anthropometric Variables Reduced to Two Principal
Components, 1967 Air Force Flying Personnel

Correlation Matrix (r,):

|l e @] ®
Thumb Tip Reach 0))]
Buttock Knee Length (2) | .61
Knee Height/Sitting 3) .70 .78
Sitting Height 4) | 4 39 ] .82
Acromion Height/Sitting 5y | .35 34 | 45 K1
Eye Height/Sitting ® 1.3 39 1 49 93 |78

FACTOR CORRELATION

SUMMARY STATISTICS MATRIX:
Mean | Std Dev
Variable (mm)| (mm) Factor 1 Factor 2
Thumb Tip Reach 803.1] 398 70574 48318
Buttock Knee Length 604.0y 270 71883 53912
Knee Height/Sitting 5761 250 81604 44714
Sitting Height 93181 318 87047 42424
Acromion Height/Sitting | 610.3 | 285 79541 44823
Eye Height/Sitting 809.5] 302 85280 -43105
Eigcenvalues, (Unrotated Principal Components, ;)
and Percentage of Variation (% ):
Factors
(1) (2) 3) (4) 5 1 (®
Eigeavalues | 3.80 1 1.29 1 041 1025 | 0.19 ] 007
Variation 639% | 22% | 7% 4% 3% | 1%
8
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original variation, and the remaining four components play no subsequent role in the analysis.
Both principal components are casily interpreted. The first appears to be a size component
which describes nearly two-thirds of the original variation. The second is bipolar and may be
described as extremity length relative to trunk height. Within-trunk correlations are quite high
as are the within-limb correlations; however, between these groups of variables the corretations
are very low.

The 95% and 98% accommodation limits for this model are shown in Figures 1 and 2.
Eight surtace points are indicated for cach, and these are translated into their corresponding
multivariate vectors in Tables 2 and 3. The locations are cach symmetric about the centroid
and, in terms of the component space (characterized by the ratio of A1 to 4,), are equidistant
from that point.

The interpretation of the cight surface points shown on Figure 1 s as tollows: The tirst
component (horizontal scale) is overall body size. In this respect. point Y is the smallest and W
1s the largest. The second component (vertical scale) represents contrasting limb/torso
proportions. Both points Y and W have values of zero on this scale because they represent
cases that show no contrast in limb torso proportions -- that is, they are small or large on all
measures. X and Z show the highest contrasts between limb and torso dimensions. X has long
limbs combined with a short torso; Z has short imbs with a large torso. Each of these tour
Cases are most extreme on one of the components but exactly average along the other. Cases B
and C are also small for the first component (though not as small as Y) but show marked
limb torso contrast. Thus, while B is not as small everad! as Y, this case has the smallest torso ot
the cight. Similarly, Cis not as small overall as Y but cxhibits the smallest hmbs of the cight
cases. Counterpart cases at the large end of the first component represent the same kinds of
variability. A and D are not as farge overall as W, but show the most extreme values tor hmbs
and torsos, respectively. Ina crewstation design vach ot these cases would adjust the seat and
rudder carriage to ditterent positions in the cockpit, and cach case should be considered in
order to represent the range of variability which exists in the population.

Deicuing One Variable

The inclusion ot as many as three trunk heights may prove to be somewhat redundant,
resulting i an accommodation model which overly weights this aspect of flyer morphology
What 1 the ettect of deleting a vanable which is highly correlated with others? To examine this
1ssuc, an additional analysis was conducted which de-emphasizes trunk relative to the extremitics
by using only tive of the six measures defined above: acromion height sitting was removed from
the study - A comparison of these two analyses s instructive with regard to the impact ot the
addittion deletion of @ single varable which may bring Tittle additional intormation about
morphology. since acromion height sitting correlates closely wath total aiting height (1= 81) and
also with eyve heghtositting (r=.7%). Sce Table 1.

Both analyses share tive variables as well as the same sample population; theretore, the
correlation matrices are the same, save tor the deletion of vne tow and column, which
corresponds to the variable that was removed. The new analysis produced essentiadly two
components (the last three are discarded). These account tor 6,777 ot the original variation in
the five-vanable system (compared to 84877 of all variation in six-space i the tirst analysis).
The two major components of the last analysis share the same interpretations as those of the
first (compare Tables 1 and 4). All five variables are unitormly loaded on the large component,
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TABLE 2
Accommodation Analysis, 95%, 1967 Air Force Flying Personnel:
Six Variables
Variable Z-Scores tor "2-D Man" Model Points*
A B C D W X Y Z
Thumb Tip Reach 21 04 | 21 04| 1.7 12 |17 -1.2
Buttock Knee Length 22|03} -22 103 18 13 [ -1.8] -1.3
Knee Height/Sitting 22| 06 ) -22 [ 06 20 1.1 | -20] -1.1
Sitting Height 084 -23 1 -08 1231 21 10 1-21 1 10
Acromion Height/Sitting | 0.6 [ -22 [ -06 |} 22 | 20 ([ -1.1 | 20| 1.1
Eye Height/Sitting 071 -22]-07 |22{ 21 L1 21 1
Variable Values (mm) for "2-D Man" Model Points*
A B C D w X Y z
Thumb Tip Reach 8854 | 787.7 | 7208 | 8IK.S 872.2 | R50.4 | 734.0| 7558
Buttock Knee Length 66312 | 595.6 | 5449 612.5 651.8 | 6399 | 556.2 | 568.2
Knee Height Sitting 612.5 | 541.6 | 5028 | 5737 | 607.7 | S85.1 | 507.6 ] 530.2
Sitting Height 956.5 {1 8603 [ 907.2 [ 1003.4 | 9999 | B9R.7 | 863.8 | 965.0
Acromion Height'Sitting | 627.8 | 5488 | 5933 [ 6723 666.4 | 579.1 | 554.7 | 642.0
Eye Height/Sinting 831.6 | 7421 | 7874 | 8769 | B72.8 | 7775 | 746.2 | 841.5

* Locations A, B, C, and D arc cach midquadrant points; W, X, Y, and Z refer to the points

on the principal components axes.

10
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TABLE 3
Accommodation Analysis, 98%, 1967 Air Force Flying Personnel:
Six Variables
Variable Z-Scores for "2-D Man” Model Points*
A |B C D w X Y 4

Thumb Tip Reach 241 051 -24 1 05 2.0 14 ) 20| -14

Buttock Knee Length 26| 04 | 26 | 04 2.1 1.6 | -21] -1.6

Knee Height/Sitting 26| 08 ] -26 | 08 24 13 | -24 | -13

Sitting Height 091 -27 | 09 | 27 25 | <12 )25 12

Acromion Height/Sitting 1 0.7 -2.6 | 6.7 | 2.6 23 1 .13 123 13

Eye Height/Sitting 09 26| -09 ( 26 25 | 1.3 (250 13

Variable Values (mm) for "2-D Man" Model Points*
A B C D w X Y y4

Thumb Tip Reach 900.1 | 784.9 | 706.0 | 821.2 | 884.6 | 858.9 | 721.6 | 747.3
Buttock Knee Length 673.8 | 594.1 { 5343 [ 6140 | 6604 | 6463 [ 547.7 | 561.8
Knee Height/Sitting 622.3 1 538.8 14930 5765 | 616.7 | 590.0 | 498.6 | 525.3
Sitting Height 960.9 | 847.51902.8 § 10162 { 10120 | 892.8 | 851.7 | 9709
Acromion Height/Sitting | 630.9 ] 537.7 | 590.2 | 683.3 | 676.4 | 573.4 | 544.7 | 647.6
Eye Height/Sitting 835.6 | 730.1 | 783.4 | 888.9 | 884.1 | 771.8 | 734.9 | 847.2

* Locations A, B, C, and D are each midquadrant points; W, X, Y, and Z refer to the points on
the principal components axes.

1
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TABLE 4
Five Anthropometric Variables Reduced to Two Principal

Components, 1967 Air Force Flying Personnel
(Acromion Height/Sitting Deleted)

Correlation Matrix (r;):

OREORRDEES)

Thumb Tip Reach 1)
Buttock Knee Length | (2) | .61

Knee Height/Sitting 3) 1] .70 | .78
Sitting Height 4| 41| .39 52
Eye Height/Sitting Gyl 391 3% 491 .78

FACTOR CORRELATION
SUMMARY STATISTICS MATRIX
Mcan Std Dev

Variable (mm) (mm) Factor 1 Factor 2
Thumb Tip Reach 803.1 39.8 .76850 37485
Buttock Knee Length 604.0 27.0 .T8849 43147
Knee Height/Sitting 557.6 25.0 87191 32528
Sitting Height 9318 318 80635 -.56141
Eye Height/Sitting 809.5 30.2 79322 - 87891

Eigenvalues, (Unrotated Principal Components, X))
and Percentage of Variation (%):

Factors

M)A A |H|®
Eigenvalues 3250 1.0810.4110.1910.07

Variation 630Ce | 226 | Rt | 4<¢ | 1%

12
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which approximates "size,” as before. The second component may also be labeled "extremity
lengths relative to trunk." Here, the trunk variables load somewhat higher (compare Tables 1
and 4), and although there are now only two of five variables loading, compared to three of six
in the carlier analysis, the second components are uite similar. The exact multivariate surface
points are given in Tables 5 and 6.

The differences between the 5- and 6- component models generally are small (on the
order of 3 1o 4 mm), but occasionally show differences greater than 1 cm.

The cight test individuals for each accommodation surface are symmetric about the
centroid (as described by the multivariate averages), and in terms of the component space, are
equidistant from that operator. The design of any workstation which is compatible with these
extreme individuals should also accommodate all of the cases which are less extreme. These
analyses indicate that there exist perhaps no more than two important and independent
superior-inferior components of variation in the flyer population tor consideration of cockpit
accommodations, that limb extremitics tend to load together and quite equally on major
components, and that the superior-inferior measurements ot trunk and limbs are largely
independent, apart from the usual allowance for overall body size.

A THREE-COMPONENT MODEL: A COMBIMAN APPLICATION

Eleven linear anthropometric dimensions which serve as input for the COMputerized
Blomechanical MAN-Modet (COMBIMAN) programs {Korna and McDanicl, 1985:95) were
selected as a preliminary example ("weight” was not used; theretore, all atilized measures were
in mm.). The United States Air Force 1967 Flying Personnel Survey sample (n = 2420) again
provides an appropriate and sufficiently large sample so that anthropometric univariate
distnbutions as well as their covariances may be regarded as accurate estimates, with very
minimal sampling crror. The amount of covariation in these data was quite large (i.c., the
determinant of the correlation matrix = 6.4 x 107) and a principal components analysis of this
mutrix provided a usctul summary of the system.

Six components accounted for 909¢ of the variation, the vast majority of which (519%)
was tound along a single vector. This unipolar component correlated with, and represents,
overall size of the mdividuals. A seeond arthogonal component was related to some of the
cross seettongl dimensions of the trunk. The third was related primarily to the superior-inferior
dimensions ot head, necks and worso. The first six principal components were rotated using a
varimax provedure. This resulted in a new and simpler set of coordinate axes. the tirst three of
shich (3L and L)) provide perhaps the best prehiminary summuny of the multivariate
structure of the COMBIMAN mictrics.

The components represent more relevant measures for workstation accommodation than
do the variables themselves: the tirst axis (4,) represents limb clements; the second (4).
vertical dimensions ot head, neck, and trunk: and the thied (X)), hand wnd toot tengths. These
are Iisted in descending order of variation explained: the remaining three components were
discarded. The vanimax procedure (Harman, 1975) resalted in a more spherical (e, less
prolate) solution (Figure 3). The three rotated components accounted for 6147 of the total
orginal variation, and this amount was more cvenly distnbuted among the three than was the
case tor the tirst three components in unrotated space.



Accommodation Analysis, 95%, 1967 Air Force Flying Personnel:
Five Variables

TABLE 5

Variable Z-Scores for "2-D Man" Model Points*

A

C

D

w

X

Y

Thumb Tip Reach

20

2.0

0.7 11.9

0.9

-1.9

0.9

Buttock Knee Length | 2.1

0.6 11.9

1.1

-1.9

-1.1

Knee Height/Sitting | 2.1

1.0]2.2

0.8

2.2

0.8

Sitting Height

0.4

24

20

-14

2.0

14

Eye Height/Sitting

0.4

24120

-1.4

2.0

14

Variable Values (mm) for "2-D Man" Model Points*

A

C

D

w

X

Thumb Tip Reach

882.6

775.7

723.6

830.5

878.7

840.0

7275

766.2

Buttock Knee Length

661.7

587.2

546.4

620.9

656.7

632.9

551.4

575.2

Knee Height/Sitting

609.8

5338

505.5

S81.S

6114

5717

5039

537.6

Sitting Height

945.4

855.9

918.2

007.8

995.1

887.8

868.6

975.9

Eye Height/Sitting

820.8

737.2

798.2

881.8

RER.6

766.3

750.4

8527

* Locations A, B, C, and D are cach midquadrant points; W, X, Y, and Z refer to the points on

the principal components axes.
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TABLE 6

Accommodation Analysis, 98%, 1967 Air Force Flying Personnel:
Five Variables

Variable Z-Scores for "2-D Man" Model Points*

AlB]CIDIWIX|Y|Z
Thumb Tip Reach 2.31-0.8(-2.310.8[2.2 1.1|-2.2|-1.1

Buttock Knee Length [2.5]-0.7|-2.5{0.7|12.3) 1.2]-2.3{-1.2

Knee Height/Sitting {2.4|-1.1{-2.4{1.1|12.5) 0.9]-2.5]-0.9

Sitting Height 0.5-2.8]-0.5(2.8]2.3]-1.6]-2.3| 1.6

Eye Height/Sitting  |0.4]-2.8[-0.412.8]12.3{-1.7} 1.7[-2.2

Variable Values (mm) tor "2-D Man” Model Points*

A B C D W X Y | Z

Thumb Tip Reach RYS7|771.21710.5] 835.0 | 891.1 [846.0[715.0{760.1

Buttock Knee Length [ 6711 [584.4]537.01 623.7 | 665.4 [637.6(542.7{570.5

Knee Height Sitting [ 615.4]529.91496.9| 585.4 | 620.2 |581.0]495.1(534.3

Sitting Height $47.7 [ %43.5|916.0] 1020.21 1005.5 [BR(.., [RS8 219831

Eye Heght Sitting R117|725.3 7%.3&}.7 R7K.4 1759.3(740.7|1859.7

* Locations A, B, C.and D are cach midquadrant points; W, X, Y, and Z refer to the points on
the principal components axes
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Next, tfrom the new coordinate system, two ellipsoids (in three-dimensional space along
the new axes and symmetric about the multivariate origin) wore determined Fhe tirer (Labic 7y
encompassed exactly 959 (n = 2299) of the USAF67 sample (and theretore disaccommaodatad
5¢%). while the second (Table 8), concentric with the first, was somewhat Larger and
accommodated about 987 (n = 2369) of the tlyer sample. Eight multivariate points were
systematically located on the surface of cach of these spheroids (Figure 3y The mtersection ot
a three-dimensional rectanguloid, (the unequal dimensions of which reflected the ditterent
variances of each of the three components,) with the surtace of the spheroid, provided these
points. Multivariate points can also be located at the ends of cach of the magor axes (s in
Cases W, X, Y, Z in the 2-D analysis) to exhibit the most extreme vaiues along cach
component. This would require six additional model points.

THE PROBLEM OF MULTIPLE POPULATIONS

In this section an analysis is described which addresses an altogether new tvpe ot
problem: multivariate accommodation for a composite population of white male, white temuale,
and black male flyers. Sampled anthropometric data from white males (1967), white temuales
(1968), and black males (1965) are used in this analysis to estimate the accommodation limits ot
workstation anthropometrics tor a hypothcetical population of tlvers in the 19908 ( These sampic
survevs will be designated "67AF white males,” "68AF white temales,” and "63AF black mutes™
this report). This preliminary study presents accommodation Jimits (9097 and 995703 which mas
be regarded as aceurate and unbiased onfy if the following assumptions hotd. (1) the
composition of the hypathetical flver population is one-third white males, one-third white
temales, and one-third black males; (2) there are no sceular trends in body dimensions over the
three decades separating the collection of the Tubls survey data and the application of the new
standards in the 1990s; and finally (3) size requirements remain at 647 1o 707 for overall stature,
and at 347 to 397 tor sitting height. Since the first two assumptions are certanly incorreet gand
even the third may be subject to change). this part of the report must be viewed as o tinst
approach which s merely intended to introduce the nature of an important problem. Results
van be castly moditied should height requirements be changed and should some estimate of the
riace sex compaosition ot the population of flivers become available. Temporal changes in bods
dimensions must be addressed by more current surveys, such as the TYXT-8X TS0 Army
anthropometric survey (Gordon ot al., 19%8).

The crincal cockpit variables tor this analysis included preasures of trunk height
tinchuding eve fevel and head heghry, the extension of the arm. and measurement of both the
shark and the thigh demensions of the lower imb. The three anthropometnie sunvey populations
tsed i this analyvsis were cach measured tor sitting height, eve height sitting, aciomion
haght sitting, thumb tp reach, not extended, and buttock-knee Tength. The only maasure of the
shunk which all three sumvevs included is popliteal height sitting, which in this anadvaes toplacdd
knoe heght sitting as the ~sole measure of this critical dimension.

Since the general survey populations are delimited on siting height and stature
roguirements from Ab Regulation 16043 to torm the compaosite tlyer population, the sample ot
women s most attected. The required lower bounds in sitting height and stature are cach at o1
over the means ot the onginal temale population (Frigure 4. Theretore, to mect cugrent body
stze Testrictions, oser three quarters of this sample was necessanly deleted Some truncation ot

it




TABLE 7

Eleven Anthropometric Variables Reduced to Three Principal
Components, 1967 Air Force Flying Personnel, Model Points

at Surtace of 95% Accommodation Ellipsoid

(values in mm)

COMPONENTS A|BICID|E

Component 1 (limb clements) + |+ |+ +

Component 2 (vertical head, neck and trunk dimensions)j + | + +

Component 3 (hand and foot lengths) + +i+

+ = hig

- = small
Octant: A|B|C|DJE|F]{G|H
Sitting Height 99919781910 977 88K |952] 8K6 | 867
Acromion Height/Sitting] 669 | 6591583 [ 649|572 (637 565552
Knee Height/Sitting 618|583 1595| 549|565 [521[ 531502
Buttock-Knee Length | 653630 645] 584(622(564) 577|558
Shoulder-Elbow Length (395385 3811347|371(337| 333324
Elbow-Wrist Length 330 311(322]295|304 [278[ 287 268
Biacromial Breadth 4201411|414|410]4041400{ 4031394
Hip Breadth 3681361]3541357|347 (349]343|336
Chest Depth 25312481250 (2441245 (239] 241|236
Foot Length 2971265289 (2821258 (252(274 | 243
Hand Length 210118712041 199182 (1771194 {172

17
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TABLE 8

Eleven Anthropometric Variables Reduced to Three Principal
Components, 1967 Air Force Flying Personnel, Model Points at
Surface of 98% Accommodation Ellipsoid
(values in mm)

Components A|B|CID|E|F

Component 1 (limb elements) +[+]+]-| +
Component 2 (vertical head, neck and trunk dimensions)ff + [+ -|+{ - | +
Component 3 (hand and toot lengths) +|-[+{+
+ = big
- = small

Octant: A|B|C|D|E|F|G]H

Sitting Height 1017 [992] 9051 989 | 878 [ 957 |K76] 849

Acromion Height/Sitting | 687 1673| 576| 661|563 | 645 [552( 539

Knee Height/Sitting 630 (591| 604547567 511]525] 484
Buttock-Knee Length 6638 [637] 65615791627 555]571] 546
Shoulder-Elbow Length | 407 1392|386 344|374 332]327| 316

Elbow-Wrist Length 341 |315) 3281 294(305(272|284{ 262

Biacromial Breadth 423 412416411 (40413991403} 390

Hip Breadth 373 |363( 354357 345] 349|340( 331

Chest Depth 255 {249] 251|244 (245238240 234

Foot Length 306 [264] 294 | 285[2551247|275] 238

Hand Length 217 [186[ 2081 202 [ 180 | 174 195( 168
18
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the 67AF white males and the 65AF black males also occurred. This resulted in somewhat
abrupt limits to otherwise bivariate normal distributions that are visible at the lower bounds tor
65AF black males (Figure 5) and especially tor 68AF white temales. With the exception of the
selector variable (Sitting Height) these procedures only aftected the shapes of the univariate
distributions to a small degree. The limb lengths remain close to normal within all three
populations.

The major univariate difterences among the populations are: (1) the shorter reach and
stature of women: (2) the very large average sitting height of white males; and (3) the longer
limb lengths of black males.  These differences in turn translate into large reach-to-trunk ratios
and very large leg-to-trunk ratios for blacks compared to Whites. The eventual knowledge ot
the exact nature of the linear size ditferences (between sexes) and the proportional ditterences
(between women of both races) for accommodation studies will have to await a comparable
survey of black women.

The correlation matrix of the truncated, equally weighted, composite population was
analyzed by means of principal components. The first component (primarily size) and the
second component (relative trunk length) accounted for 84% of the original variation (Table 9).
Eight surtace locations were caleutated tor the Y0% and the 99.5% accommodation ellipses
(Tables 10 and 11). Figure 6 presents a distribution of the composite population in principal
components space, and two accommodation ellipses, Y0% and 99.5%, detined by cight model
points cach (Tables 10 and 11). The inner ellipse accommodates exactly 905 of the cases
closest to the multivariate centroid, and excludes the other 10%; the outer one represents the
boundary for 99.57% accommodation. The & maodel points of Tables 10 (90% ) and 11 (99.5%)
represent different kinds of extremes located exactly on--and evenly spaced about--the boundary
which separates the accommodated and the disaccommodated. However, unlike the results of
the previous anatyses, disaccommodation is far from symmetric. First, there is the persistent
problem of the abruptness of the lower limit of the distributions caused by the restrictions on
sitting height. Model points Z and especially C and Y (very acgative in component 1 and or
component 2) represent extremes which are more abnormal than any USAF flyer in the
truncated, composite population. That is, there is no reason to test tlyers for such extreme
anthropometrics. The sitting height (and possibly stature) requirements have already climinated
them. New single model points C* and Y* are provided for 90% and 99.5%¢ accommodition
(Tables 10 and 11). These multivariate vectors are substituted for the lower left midquadrant
location (point C*) and for the lowermost location (point Y*) at all accommodation Jevels.,
Similarly, a new model point Z* (extreme left location, i.e., very negative on component 2) iy
provided for the 99.5% accommodation only (Table 12).

The percentage of individuals accommodated at either of the two accommodation levels
is not uniform with respect to race or sex (Table 12). The women in the test sample derved tor
this study were almost completely accommodated in both models. However, this obsenvation
may be misleading. It should be remembered that over three-quarters ot the onginal general
temale population was excluded on the basis of the stature and sitting height restrictions
currently in effect for the population of Air Foree pilots (Figure 4). By contrast, the truncation
of any male population on the basis of the 34" to 397 sitting height requirement is not as
extensive. On the other hand, no woman in this study was tound to be too Large in "size” (tirst
principal component) or in the proportion of total stature that is trunk height (sccond principal
component). Therefore, of those women whose anthropometries were analyzed in this study, all
were accommodated at the 99.5% level, and all but 1.3 pereent were accommodated at the 9097
level (Table 12).
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TABLE ¢

Principal Components Analysis, Composite Population,
Equally Weighted, 1968 Air Force White Females, 1965 Air
Force Black Males, 1965 Air Force White Males
(Stature, Sitting Height, and Weight Restrictions)

Total Correlation Matrix, I

Thumbtip|Buttock Knee| Popliteal | Sitting [ Eye Height/
Reach Length Height |Height| Sitting
Buttock Knee Length 665
Popliteal Height T11 758
Sitting Height 248 231 286
Eye Height/Sitting 280 267 360 910
Shoulder Height/Sitting Derived|  .116 .146 134 762 693
Eigenvalues, (Unrotated Principal Components, 1))
and Percentage of Variation (%):
Factors
MA@ ]6)|®)
Eigenvalues |3.21%[1.82*] 0.35 | 0.33 | 0.21 |0.09
Variation S54% 1 30% | 6% | S% | 4% | 1%
*Only the first two principal components were used in subsequent analysis.
22
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TABLE 10

Accommodation Analysis, 90%¢, Composite Population

Variable Z-Scores tor "2-D Man" Model Points

Al B [C|D|W | X]|Y|Z
Thumb Tip Reach 0118 L0 J1R f1d4 412 1-121 1.2
Buttock Knee Length 01(-1.9 [0.1 (1.9 ] 1.4 |-1.2 |-1.2| 1.2
Popliteal Height 021-19 0.2 |19 1.5 |-1.2 |-1.3]| 1.2
Sitting Height 20004 |14 {04 |17 |11 [14] 11
Eye HeightSitting 19006 1.4 06 [ 1.7 (09 ]-1.5]-08
Shoulder Height/Sitting Derived [1.91-0.1 [1.4 [0 1.4 [ 1.2 [-1.2]-12

Variable Values (mm) for "2-D Man" Model Points

A B c* D W Xy V4
Thumb Tip Reach 7949 [ 70531 7R3.6 | K713 851.6 | 734.3[734.7| 8424
Buttock Knee Length 609.0 [ 549.3 | 602.0[ 660.6] 647.2 1560.51 56921641 .4
Poplitcal Height 452113921 {4404 4UR.6{ 4RT R [412.5{409.4147%.2
Sitting Height 950.9 | 8895 [ 8636 911.2] 943.8192K.51863.6|872.3
Eye Height'Sitting 8351 768.71 746.4 L TURN| 830.7 |K0Y.5] 744.0|758.1
Shoulder Height'Sitting Derived | 630.1 ] 579.4 ] 547.0| 584.6 | 617.9 [614.2]551.7| 549.9

* Points modified trom original symmetric ¢lipse due to sitting height restrictions: New radii,
Y=1.777. New component, C=-1.079.
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TABLE 11

Accommodation Analysis, 95%, Composite Population

Variable Z-Scores for "2-D Man" Modet Points

A|B|C*|D|W| X {Y*|Z
Thumb Tip Reach G2]-21(-00(21]06] -1.4{-1.2]1.4
Buttock Knee Length 021221002017 -14]-1.2] 1.4
Popliteal Height 03]-221-02122]18]-1.4]-1.3] 1.4
Sitting Height 231-05]-1.4105[20( 1.3 |[-1.4{-1.3
Eye Height/Sitting 2206114 06|20] 11 ]-1.5]-11
Shoulder HeightSitting Derived | 2.2]-0.1 [-1.4]0.1}1.6] 1.5 |-1.2]-1.5

Variable Values (mm) tor "2-D Man" Model Points

A B (G D W X Y™ Z
Thumb Tip Reach 796.00 691.5] 736 [ BRS.2[R62.21725.3(734.71 8514
Buttock Knee Length 60971 S40.1 [ 602.0 | €699 654.21562.4{56Y.2] 647.5
Popliteal Height 453.3] 383,31 440.4 | 307.51 494,91 407.01409.4] 483.7
Sitting Height 9SY. 4] KRT.T 1 863.6 [ 913.01951.0 [933.1]863.6) 867.6
Eve Height Sitting K437 766.2 [ 746.4 [ 801.4 | 838.6|813.7]|744.0] 753.9
Shoutder Height Sitting Derived [638.1] 579.0 1 S47.0 1 585.1 | 623.81619.51551.7] 544.5

* Paints modificd trom original symmetric cllipse due to sitting height restrictions: New radii,
Y=1.777, New component, C=-1.07Y.
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TABLE 12

Accommodation Analysis, Within-Group
Percentages, Composite Population

Total Accommodation Within-Group Accommodation
68AF White | 65AF Black | 65AF White
Women Males Males
90%: 98.7% 85.7% 85.7%
99.5%: 100.0% 99.4% 99.1%

Of the population of males derived and defined for this study on the basis of the sitting
height and stature restrictions, accommodation is approximately equal for both races (Table 12).
However, disaccommodation is not symmetric for either male group. For the Blacks, all those
who were disaccommodated at the 99.5% level were found in the upper left quadrant of Figure
6 (not all shown); that is, they had relatively small trunk lengths coupled with extremely long
limbs. For the white males, all those disaccommodated at the 99.5% level, were located in the
upper right quadrant of Figure 6; that is, they were large individuals with extremely large trunk
dimensions.

To avoid the problem of differing accommodation rates for different populations it may
be necessary to analyze the three populations separately and compare and combine the resulting
models. The final analysis described here calculates model points for each of the three samples
separately. Tables 13 through 15 show the percentile values and model points for the 68AF
white females, 65AF black males, and 67AF white males at the 95% accommodation level.
Comparing the A model points (long limb lengths) across the three populations, it is obvious
that the black male population exhibits the most extreme limb lengths. It would be unnecessary
to design or test using the white male or female model point A. Similarly, for model points C
(small limbs), D (large torso), X (short torso/long limbs), Y (small all over), and Z (large
torso/short limbs), the choice between the three populations is fairly obvious. However, model
points B (small torso), and W (large all over) are more difficult to select. For Model B the
values for Sitting Height and Shoulder Height for the female and black male are fairly close and
tavor selection of the black male model as smallest. However, the female model has a shorter
Eye Height Sitting, which in a cockpit environment can present a more critical problem than
does a short Sitting Height. For Model point W (generalized large), the white male torso is
toughly 4 centimeters larger than that of the black male, but the black male has limbs roughly 4
centimeters longer than those of the white male. An inclusion of both models in an expanded
set would be necessary.
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TABLE 13

Two-Component Representative Cases:
White Females (95% Accommodation)

Percentile Values

AlB| C|D
Sitting Height 8)p 2 ] 20 ) 98
Eye Height Sitting 721 2 | 28|98
Shoulder Height/Sitting Derived | 77| 4 | 23 | 96
Buttock-Knee Length 98l 66 | 2 | 34
Thumb Tip Reach 9| 69 | 4 | 31
Popliteal Height, Sitting 971 65| 3 | 35

Wil X Y | Z
Sitting Height 9l 19 2 | 81
Eye Height Sitting 971 15} 3 | &5
Shoulder Height/Sitting Derived | 96 | 23 | 4 | 77
Buttock-Knee Length 87)1 9% | 13| 4
Thumb Tip Reach 811 94119 { 6
Poplitcal Height, Sitting 87| 95| 131 5
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TABLE 13 (cont’d)

Variable Values

A B C D

Sitting Height 90.45f 85.19 | 87.40 [92.65
Eye Height Sitting T7.85) 72.54  75.52 | 80.84
Shoulder Height/Sitting Derived [59.17] 53.90 | 56.09 161.35
Buttock-Knee Length 63.00) 59.72 | 54.79 | 58.06
Thumb Tip Reach 81.82) 77.80 | 70.51 [ 74.53
Poplitcal Height, Sitting 45.34) 42.85 1 39.13 {41.62

W X Y Z

Sitting Height 92.64] 87.36 | 85.21 [90.48

Eye Height Sitting 80.45] 74.57 { 7293 { TR.L0

Shoulder Height/Sitting Derived [61.35[ 56.08 | 53.90 [ 59.17

Buttock-Knee Length 61.211 62.38 | 56.58 | 55.41

Thumb Tip Reach 79.01) 81.32 | 73.32 | 71.01

Popliteal Height. Sitting 44.00| 44.87 | 40.48 1 39.60
28




TABLE 14

Two-Component Representative Cases:
Black Males (95% Accommodation)

Pereentile Values

Al B | C|D
Sitting Height 691 1 31|99
Eve Height Sitting 701 1 30199
Shoulder Height:Sitting Derived [ 727 2 | 28 | 98
Buttock-Knee Length 98 | 41 2159
Thumb Tip Reach 9% | 44 ] 2 | 56
Popliteal Height, Sitting 99 | 41 b |59

Wi X 1Y Z
Sitting Height U |10 | 2 [ Y0
Eve Height Sitting CLE I 2|89
Shoulder Heght Sitting Derived 971 1S 1 3 | 85
Buttock-Knee Length 95 91 N Y
Thumb Tip Reach i 9l 6 Y
Pophteal Height, Sitting Yb 1 92 4 X
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TABLE 14 (cont'd)
Variable Values
A B C D
Sitting Height 90.78| 84.43 [ BR.50 [ 94.86
Eye Height Sitting 79.591 73.22 | 77.22 | 83.59
Shoulder Height/Sitting Derived |58.52[ 52.77 | 55.92 | 61.67
Buttock-Knee Length 68.66] 61.90 | 56.40 ]63.16
Thumb Tip Reach 90.91} 81.09 ] 72.63 [82.45
Popliteal Height, Sitting 52201 46.20 | 41.28 147.27
w X Y Z
Sitting Height 94.14; 86.76 | 85.15 [92.52
Eyc Height Sitting 8291 75.58 1 73.90 | 81.23
Shoulder Height/Sitting Derived [61.29] 54.99 [ 53.15 | 59.45
Buttock-Knee Length 67.31 66.42 | 57.75 | 58.64
Thumb Tip Reach BR.T1| 87.75 ) 74.83 [ 75.79
Popliteal Height, Sitting 50.981 50.22 [ 42.50 (42.26
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TABLE 15

Two-Component Representative Cases:
White Males (95% Accommodation)

Percentile Values

AlB| C|D
Sitting Height 78 2 | 22|98
Eye Height Sitting 76 2 | 24 1 98
Shoulder Height/Sitting Derived | 71| 2 | 29 | 98
Buttock-Knee Length 981 411 2 |59
Thumb Tip Reach 98| 40 1 2 | 60
Popliteal Height, Sitting 981 34 [ 2 j 66

Wi X1yl Z
Sitting Height 98| 16 | 2 | 84
Eye Height Sitting 981 15 { 2 | 85
Shoulder Height/Sitting Derived |97 14 | 3 | 86
Buttock-Knee Length 95190 | 5 |10
Thumb Tip Reach 951 9 | 5 |10
Popliteal Height, Sitting 96| 87 | 4 | 13
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TABLE 15 (cont'd)

Variable Values

A B C D
Sitting Height 95.14| 86.96 | 90.86 [ 99.04
Eye Height Sitting 82.68] 75.00 | 78.88 | 86.56
Shoulder Height/Sitting Derived |62.37) 55.54 | 59.48 [ 66.31
Buttock-Knee Length 65.741 59.73 | 54.95 [ 60.96
Thumb Tip Reach 88.05| 79.28 | 72.38 {81.14
Popliteal Height, Sitting 48.10| 42.75 1 39.20 [ 44.54

Sitting Height 98.78| 90.24 | 87.22 | 95.76
Eye Height Sitting 86.211 78.04 | 75.35 | 83.53
Shoulder Height/Sitting Derived 165.75] 58.14 | 56.10 | 63.71
Buttock-Knee Length 64.60[ 63.72 ] 56.09 | 56.97
Thumb Tip Reach 86.41| 85.09 | 74.01 | 75.33
Popliteal Height, Sitting 47.43] 46.16 | 39.87 141.13

CONCLUSION

A preliminary attempt was made, at the conclusion of this analysis, to reduce six critical
cockpit dimensions to two new measures (principal components), and to disaccommodate
extreme anthropometric combinations as symmetricaily as possible, while still applying the
sitting height restrictions for the current population of Air Force tlying personnel. It was also
found appropriate to equally weight the anthropometric information of the three "derived"
populations (68AF white females, 65AF black males, and 65AF white males), or to consider
each population separately and combine the results. The issue of designing a workstation based
on the anthropometrics of a composite user population is an important one. [t requires a
multivariate approach, additional survey data, and of course some reliable estimates of the
actual proportions of males, females, Whites, Blacks, and others in future user populations.
Depending on the extent of international application, some analysis of the anthropometrics of
additional populations may also be required.
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